Introduction {#sec1}
============

In 1743, François Gigot de la Peyronie (1678--1747) first provided a comprehensive description of *induratio penis plastic*, now known as Peyronie's disease (PD).[@bib1] PD is a benign fibroproliferative disorder of the penis, which causes the formation of a plaque in the tunica albuginea. Many pharmacologic options have been proposed, but until now none has received a grade-A recommendation. Currently, collagenase from *Clostridium histolyticum* is the only drug approved by the American and European authorities for intralesional injection in patients with dorsal or dorsolateral curvature \>30° with a palpable plaque. In the Netherlands the prescription of oral drugs for PD, for example pentoxifylline, is only allowed if one informs the patient about its off-label use and possible adverse events.

Verteporfin (trade name Visudyne; VP) is registered in the United States and Europe as a sensitizer for photodynamic therapy to eradicate abnormal blood vessels in the eye associated with the wet form of macular degeneration. The first report on photodynamic therapy with VP for choroidal neovascularization was published in 1999.[@bib2] VP accumulates in the abnormal blood vessels. When stimulated by non-thermal red light (wavelength 693 nm) in the presence of oxygen, VP produces reactive short-lived singlet oxygen and other oxygen radicals, locally damaging the endothelium and resulting in blockage of these vessels. In its inactivated form (ie, VP that is not subjected to photo irradiation), VP is a small molecular inhibitor of the Hippo-Yes Activated Protein (YAP) pathway ([Figure 1](#fig1){ref-type="fig"}) and considered a promising drug in the treatment of pancreatic cancer.[@bib3] In that respect it is relevant to mention that Scandinavian studies showed that patients with Dupuytren's disease (DD) in this part of the world have greater incidences of a variety of smoking-related diseases such as pancreatic, buccal, and lung cancer.[@bib4], [@bib5], [@bib6] DD and its related diseases are also a burden for societies in other parts of the world.[@bib7] Especially severe and younger-onset cases may be subject to increased cancer incidence and mortality.[@bib8], [@bib9]Figure 1Simplified fibrosis-related processes in the Yes Activated Protein (YAP) cascade. As a result of microtrauma and genetic susceptibility, the YAP cascade comes into force causing extracellular matrix synthesis, myofibroblast differentiation, apoptosis resistance, migration, and proliferation. These fibrotic processes lead up to plaque development and subsequent penile deformity. In red, verteporfin's assumed point of engagement in the cascade. In boldface, markers of the different fibrotic processes.

Inactive VP attenuates renal fibrosis in mice subjected to unilateral ureteral obstruction, probably by blocking the transcriptional activation of targets in the YAP cascade involved in fibrosis-related processes.[@bib10] The objective of our study was to determine whether VP would have similar effects on (myo)fibroblasts derived from plaques in patients with PD (being the cells responsible for the production of fibrotic lesions).

Materials and Methods {#sec2}
=====================

Ethics Statement {#sec2.1}
----------------

Plaque tissue samples of PD patients were collected after obtaining informed written consent of the patients; our protocol was approved by the Medical Ethics Committee (METc) of the University Medical Center Groningen (2007/067; UMCG), in accordance with the Declaration of Helsinki.

Primary Tissues {#sec2.2}
---------------

Plaque tissues were obtained from 5 PD patients with primary disease that underwent plaque incision and grafting or a Nesbit procedure by a senior urologist (M.F.vD.) in the University Medical Center Groningen.

Cell Culture Conditions {#sec2.3}
-----------------------

(Myo)fibroblasts were obtained from dissected plaque tissue by culturing the small pieces in Dulbecco's Modified Eagle's Medium (DMEM; Lonza Group, Basel, Switzerland) containing 1% [l]{.smallcaps}-glutamine, 1% penicillin-streptomycin, and 10% fetal bovine serum (FBS) at 37^o^C in a 5% CO~2~ incubator. Experiments were performed on cells from the 8th passage to a new culturing-flask. To confirm the presence of myofibroblasts (ie, activated fibroblasts), immunofluorescent staining for an alpha-smooth muscle actin (α-SMA) was performed before starting the VP experiments.

VP Experiment {#sec2.4}
-------------

Starvation of the cells took place for 16 hours overnight in culture medium consisting of DMEM containing 1% penicillin/streptomycin, 1% [l]{.smallcaps}-glutamine, 0.5% FBS, and 17 mM ascorbic acid. Cells were kept at 37°C in 5% CO~2~. 1 day after starvation, the cells were exposed to VP (250 nM) in the previously mentioned culture medium containing 0.01% (volume/volume \[v/v\]) dimethyl sulfoxide (DMSO; this was used as solvation vehicle for VP). The control group was exposed to 0.01% (v/v) DMSO. Lights were off when working with either VP or DMSO. The treatment took place for 24 and 48 hours in an incubator at 37°C in 5% CO~2~.

Immunostaining {#sec2.5}
--------------

After treatment, cells were fixated in 1:1 acetone/methanol. The cells were then permeabilized with 0.5% Triton X-100 in phosphate-buffered saline (PBS), incubated with 10% serum of the secondary species and blocked with 1% bovine serum albumin (BSA) in PBS. Primary antibodies directed toward α (Dako M0851 IgG2a) were diluted in 1% BSA in PBS and incubated for 1 hour at room temperature. Secondary antibodies (GaMIgG2a-biotin) were diluted in 2% normal human serum in PBS and incubated for 30 min at room temperature, covered in tin foil. Cells were then incubated with 1:100 streptavidin-Cy3 in 1:5,000 4',6-diamidino-2-phenylindole (DAPI) in tin foil for 30 minutes at room temperature. DAPI was used to stain the nuclei. After every incubation step a washing step was performed, incubating the cells in fresh PBS 3 times for 5 minutes. Pictures were taken under a fluorescence microscope.

Real-Time Polymerase Chain Reaction {#sec2.6}
-----------------------------------

After treatment, cells were lysed and stored in 350 μl of a mix with dithiothreitol (DTT) and FARB Buffer (10 μl DTT per 1 ml FARB Buffer) at -80°C. RNA was isolated using an RNA isolation kit (FavorPrep mini kit, Favorgen Biotech Corp., Ping-Tung, Taiwan) according to the manufacturer's instructions.

Complementary DNA (cDNA) was synthesized by priming with random hexamer primer (1 μl added to 11 μl concentrated RNA). After adding the primer, cells were incubated for 5 min in 65°C. A mixture of 4 μl reaction buffer 5x, 2 μl dNTP\'S (Qiagen, Stokach, Germany) (10 mM) mixture, 0.5 μl RiboLock RNAse inhibitor (Thermo Fisher Scientific, Waltham, MA, USA), 0.5 μl RNAse free H~2~O, and 1 μl Reverse Transcriptase RevertAid M-MuLV (Thermo Fisher Scientific, Waltham, MA, USA) was then added to each sample, making a total volume of 20 μl. Cells were subsequently incubated according to the next program: 5 minutes at 25°C; 60 minutes at 42°C; 5 minutes at 70°C; and stored at -20^o^C. For real-time polymerase chain reaction, triplicates of each sample were used.

Primers ([Table 1](#tbl1){ref-type="table"}) were dissolved in Milli-Q water (Merck, Darmstadt, Germany), needing 0.25 μl of both forward and reverse primer per reaction (150 nM/primer). Mastermix (Thermo Fisher Scientific, Waltham, MA, USA) per gene contains 5 μl SYBRgreen (Rouche; 2x) and 0.5 μl Prime Mix (6 μM). 5 μl diluted cDNA sample (5 ng/μl) and 5 μl Mastermix were added to each well in a 384 well plate, making a total volume of 10 μl. Plates were run on the ViiA 7 Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA). The relative gene expression was calculated using the ΔΔCt method, normalizing for the average expression of the household gene YWHAZ.Table 1Sequences of the used primersPrimersSequence*F (5\' - 3\')R (5\' - 3\')*ACTA2CTGTTCCAGCCATCCTTCATTCATGATGCTGTTGTAGGTGGTCCN2AGCTGACCTGGAAGAGAACATTGCTCGGTATGTCTTCATGCTGCOL1A1GCCTCAAGGTATTGCTGGACACCTTGTTTGCCAGGTTCACCOL5A1CCTGGATGAGGAGGTGTTTGCGGTGGTCCGAGACAAAGEDA-FNAATCCAAGCGGAGAGAGTCAGGAATCGACATCCACATCAGLOXL2TGACCTGCTGAACCTCAATGTGGCACACTCGTAATTCTTCTGPLOD2GGGAGTTCATTGCACCAGTTGAGGACGAAGAGAACGCTGTSERPINH1TGGTGCTGATCTCATCCTTGAGAAACCCAGCAGCAGATTCYAPAATCCCACTCCCGACAGGGACTACTCCAGTGGGGGTCAYWHAZGATCCCCAATGCTTCACAAGTGCTTGTTGTGACTGATCGAC[^1][^2]

Statistics {#sec2.7}
----------

Experiments were performed in triplicate. Statistics were performed using GraphPad Prism Software version 7 (GraphPad Software, La Jolla, CA, USA). A Kruskal-Wallis test was used to determine whether there were differences in ranks between the 3 groups. 2-way ANOVA with Bonferroni posttest was used for statistics; *P* \< .05 was considered significant.

Results {#sec3}
=======

Characterization of PD Plaque Cells {#sec3.1}
-----------------------------------

To confirm the pathologic phenotype of cells isolated from PD plaques, baseline immunofluorescent stainings were performed that showed considerable levels of α-SMA, being a marker for the presence of myofibroblasts ([Figure 2](#fig2){ref-type="fig"}). This finding confirmed the pathologic nature of the obtained plaque samples.Figure 2Characterization of Peyronie's Disease (PD) plaque cells (passage 8). Part of the fibroblasts showed features of myofibroblasts, indicating the presence of activated cells in the PD plaques; red α-smooth muscle actin, blue 6-diamidino-2-phenylindole. Black scale bar represents 50 μm.

Gene Expression of Fibrosis-Related Genes {#sec3.2}
-----------------------------------------

Myofibroblasts derived from the plaque tissue responded to VP treatment for both 24 and 48 hours, resulting in significant decreases in gene expression levels of CCN2, COL1A1, COL5A1, EDA-FN, PLOD2, and LOXL2 ([Figure 3](#fig3){ref-type="fig"}). The mRNA level of SERPINH1 was decreased only at 48 hours, whereas that of ACTA2 was reduced at 24 hours only ([Figure 2](#fig2){ref-type="fig"}). As expected, VP did not affect mRNA levels of YAP. The control group (DMSO only) did not differ from the control group without DMSO, which showed that DMSO did not affect the cultures (data not shown). Compared with 24 hours, the mRNA level of EDA-FN and SERPINH1 was even more decreased at 48 hours, showing that VP has long-lasting anti-fibrotic effects ([Figure 4](#fig4){ref-type="fig"}).Figure 3Response of (myo)fibroblasts subjected to 250 nM verteporfin (VP) for 24 and 48 hours. mRNA levels of Yes Activated Protein did not change, whereas mRNA levels of extracellular matrix molecules (COL1A1, COL5A1, EDA-FN), collagen-modifying enzymes (SERPINH1, PLOD2, LOXL2), and the pro-fibrotic markers CCN2 and ACTA2 were attenuated by VP. \* = *P* \< .05.Figure 4Response of (myo)fibroblasts subjected to 250 nM verteporfin (VP) as a percent difference after 24 and 48 hours. Compared with 24 hours, the mRNA level of EDA-FN and SERPINH1 was even more decreased at 48 hours, showing that VP has long-lasting anti-fibrotic effects. \* = *P* \< .05.

Discussion {#sec4}
==========

VP's Role in Fibrosis {#sec4.1}
---------------------

The lack of effective medical treatments for PD stems from a lack of understanding of its biology. However, today it is well known that tissue derived from PD plaques contains myofibroblasts, the cells responsible for the pathologic fibrotic processes. Indeed, we found considerable amounts of myofibroblasts in our cell cultures derived from plaques. Furthermore, our study shows that in vitro exposure of VP to (myo)fibroblasts inhibits the pathologic processes by means of the down-regulation of fibrosis-associated genes. Fibrosis is characterized by excessive production, deposition, and contraction of extracellular matrix (ECM), leading to significant organ dysfunction.[@bib11] Here we show that VP is able to reduce the expression of the 2 major fibrillary collagens, that is, collagen type I and type V, and the ECM component fibronectin (EDA-FN). This should lead to a less-excessive deposition of ECM. It also helps that VP is able to decrease SERPINH1 levels (also known as HSP47), a chaperone needed for the proper transportation of collagen. In fibrosis the ECM stiffens, even before scarring occurs, owing to an increased expression of enzymes involved in collagen cross-linking. In our study we found that the expression of at least 2 of these enzymes, LOXL2 and PLOD2, is inhibited by VP. This should lead to a less-stiff ECM. In addition, collagen cross-linked by hydroxylysine residues mediated by PLOD2 is more difficult to degrade by matrix metalloproteinases.[@bib12] Lower cross-links levels derived from PLOD2 most likely results in a faster degradation of collagen molecules, resulting in less ECM accumulation. Our findings suggest that VP might benefit patients mostly in the acute phase of PD, but possibly also in the chronic phase. However important some of these mechanisms in certain malignancies are, our main foci for this study were PD and fibrosis-related processes.

Pharmacokinetics and Safety {#sec4.2}
---------------------------

For its current indication (ie, macular degeneration), VP is administered parenterally in the largest possible arm vein in a dose of 6 mg/m^2^ and light-activated. This can be repeated yearly 4 times. No drug--drug interactions were ever described in patients treated with VP, but simultaneous use of photosensibilizing drugs such as tetracyclines and thiazide diuretics may increase the risk of light-sensitivity reactions. Porphyria is an absolute contraindication. During 48 hours, patients are photosensitive and advised not to come in contact with direct bright (sun)light and to cover themselves with sunglasses and clothes.[@bib13] In animal studies, mild extravascular hemolysis and hematopoiesis were noted in inactivated daily doses 32--70 times (in dogs and rats) as high as advised in humans when administered for 4 weeks.[@bib14] Fast admission of 2.0 mg/kg in pigs under general anesthesia led to hemodynamic instability and diphenhydramine decreased these effects, suggesting histamine-related processes. Animal studies ruled out ocular toxicity. There was no teratogenicity reported in rabid fetuses that received 67 times the advised dosage in humans and no toxicity was seen in general genotoxic tests. In mice, beneficial effects were reported in immune-mediated diseases. Normal immune reactions in the skin were decreased without causing skin reactivity or generalized non-specific immune suppression. An overview of preliminary clinical studies showed that VP was safe in humans with only minimal side effects.[@bib15] Because VP is already FDA approved, testing it as an off-label treatment for PD may be an interesting step, but future research can better be focused on optimal administration and dosage schemes for possible treatment of PD. Until now orally administered VP has not been tested, because parenteral administration is preferred for its current indication.

None of the options depicted in the European guidelines carry a grade-A recommendation, but their assumed working mechanisms are worth taking into account considering the quest for new treatment strategies.[@bib16] Combination therapy with historically proposed medical methods and up-and-coming ones such as verteporfin inhibiting disease-related processes on different levels, can be considered for future trials. In that respect, we strongly recommend a close collaboration with biologists and experts in PD-related fibrotic diseases.

Recommendations and Conclusion {#sec5}
==============================

Regarding PD, urologists should focus on the disease before deformity, preferably in an internationally collaborative fashion. The search for new oral and intralesional agents, well tolerated and effective in both the acute and chronic phase of PD, should be encouraged. As in DD, new PD lab models (eg, 3-dimensional cell cultures) may be used to find novel therapeutic targets. To achieve these models, one obviously needs basic researchers. Human tissue-engineered models have already begun replacing animal models for preclinical drug testing.[@bib17] Urologists with special interest in PD should organize brainstorming symposia with non-urologists such as biologists and geneticists. Improved international collaboration will pave the way for funding and finding optimal research paths.

In the end, the management of patients with PD undoubtedly will improve, with fewer needing surgery. In this respect verteporfin is one of the drugs that needs further investigation, because it apparently displays a wide spectrum of anti-fibrotic properties.
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[^1]: Sequences in 5' to 3' direction.
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